Fabrication of a thermotropic ferronematic colloid is reported, consisting of a 1% concentration of magnetite nanorods dispersed in a commercially obtained liquid crystal (LC). To produce the nanorods, solvothermal synthesis was utilized by adding Fe(CO) 5 to a reaction solution of hexadecylamine and oleic acid in n-octanol. The procedure allows for tailoring of the size and shape of the nanorods. The magnetic nanorods were functionalized with oleic acid. Magneto-optic and electro-optic properties of the colloid were characterized. Specifically, static measurements were performed to determine the birefringence and magnetic and electric Freedericksz thresholds. From the dynamic measurements, the switching time was determined. The nanorods increased the effective magnetic anisotropy of the LC. Depending on nanorod dimensions, the colloid demonstrated faster switching speeds, especially in the presence of crossed electric and magnetic fields.
I. INTRODUCTION
T HE majority of liquid crystal (LC) applications, ranging from displays to microwave signal processing, operate by means of an applied electric field to manipulate the orientation of the LC molecules [1] . Magnetic field-induced reorientation of LC molecules is not commonly utilized due to the low sensitivity of LCs to magnetic fields. Magnetic fields up to 10 kOe are generally needed to see a complete magnetooptical (MO) response in a typical LC. As a result, there has been an interest in developing colloids, which aim to improve magnetic field sensitivity compared with their pure LC counterparts. Past studies have had success in using ferromagnetic nanoparticles as the dispersed phase of these colloids [2] - [4] . Such colloids exhibit enhanced sensitivity to magnetic fields due to the coupling that occurs between the magnetic moments of the nanoparticles and the LC mesogens. This results in a collective magnetic behavior of the colloid that depends on the concentration and size of the nanoparticles. Ferromagnetic nanostructures have been effectively used in both lyotropic and thermotropic LCs [2] - [4] .
This paper provides insight into a newly developed thermotropic ferronematic colloid. The thermotropic LC, LC13739 (BDH Chemicals), consists of a 1% concentration [weight to weight (w/w)] of magnetite (Fe 3 O 4 ) nanorods with a diameter of 6.5 nm and a length of 65 nm. Rods were chosen to mimic the shape of the LC molecules and enhance their physical rotation during reorientation. The size, shape, and amount of particles greatly influence the physical behavior of the LC. Large particles (∼μm) and high concentrations introduce long-range defects to the LC matrix. Conversely, particles that are too small may have little to no effect on the behavior of the underlying LC. Our research aims to find the best possible range of sizes at reasonably small concentration to improve the colloid's performance by providing the best possible anchoring between nanorods and LC mesogens. As a result, the torque experienced by the nanorods in magnetic field will be transferred most effectively to the LC host, thus improving switching properties. Important observations are noted concerning the new colloid: 1) in combination with the results from a past study of the same colloid [4] , the new results show that nanorod dimensions and concentration play an important role in tailoring the static and dynamic electro-optic (EO) and magneto-optic (MO) properties of the colloid; 2) the inclusion of magnetic nanorods (with appropriate parameters) in the LC significantly reduces the time OFF in a setup that employs crossed electric and magnetic fields [6] , offering a solution to microwave applications demanding faster switching time [7] ; and 3) longterm stability is demonstrated in a thermotropic colloid.
II. EXPERIMENTAL DETAILS
The nanorods, functionalized with oleic acid, were developed via solvothermal synthesis. We used the exact procedures and material quantities outlined in [5] , which developed nanorods with dimensions of 6.5 ± 2 nm in diameter and 63 ± 5 nm in length. This level of accuracy is achieved by adjusting the quantity of hexadecylamine as well as time of heat treatment during production. The chemicals we used include oleic acid, n-octanol, iron (0) pentacarbonyl, and toluene from Aldrich Chemical Company (all analytical grade); hexadecylamine from Alfa Aesar (90%, technical grade); and pure grade ethanol from PharmcoAaper (200 proof, absolute). The size distribution and magnetic properties of the nanorods were consistent with the results described in the above-mentioned paper. The dry nanorods were directly transferred to 5 g of heptane giving 0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
∼1% nanorods:heptane by mass. The dispersion was then shaken vigorously for a few minutes and ultrasonicated for 25 min. A portion of this nanorod-heptane dispersion was then used to make a 1:1 (w/w) mix with 0.2014 g of LC.
This amount provided more than enough colloid for our experiments. The heptane was allowed to evaporate from the mixture for over a week, resulting in a colloid with 1.05% (w/w) concentration of nanorods in LC. The colloid was shaken and ultrasonicated during this process every few hours and immediately before transferring to sandwich-like planar LC cells via capillary tube. This guaranteed a homogeneous distribution of particles. The cells each consists of two substrates held together at specified thickness using a photopolymer containing microspacers. Each substrate was coated with an ITO-conducting film and a uniformly rubbed polyimide layer. The polyimide layers established the nematic director for the LC. We prepared cells with thicknesses of 10.7, 14.4, 20.5, and 22.1 μm filled with colloid, and additional cells with comparable thicknesses of 9.6, 14.6, 20.2, and 22.1 μm filled with pure LC (for comparison). These were tested for their static and dynamic MO, EO, and crossed-field magneto/electro-optic (MEO) performance. A crossed polarizer/analyzer experimental setup (±45°with respect to the nematic LC director) was employed for the pretilt, EO, MO, and MEO measurements. For the static response MO experiments, we used a layout of optical components similar to a polar Faraday-rotation setup, employing a 670 nm laser. The sample was positioned in an electromagnet with the field perpendicular to the surface of the cell. The optical setup is as follows: laser, filter, polarizer, beamsplitter, sample, mirror, sample, beamsplitter, lens, analyzer, and photodiode. Transmitted intensity was measured as a function of applied magnetic field from ∼25 to −25 kOe and in reverse to monitor hysteretic behavior.
The pretilt measurements used similar components aside from the magnet. Here, the crystal rotation method was used, in which the cell is situated on a rotating platform (between polarizer/analyzer) with its rotational axis perpendicular to the nematic director. Transmitted intensity was measured as a function of the angle between the incident light and the normal vector from the plane of the sample. In general, this was limited to ±80°due to constraints imposed by the cell dimensions. Pretilt measurements indicated that the nanorods did not affect the pretilt angle of the LC.
The MEO measurements utilized the same magnet but with the cell situated in a transverse Faraday-rotation arrangement. A different laser (632.8 nm) was used, and the light passed through the cell only once. The wavelength of the laser does not introduce any discrepancies because the optical path is very short (∼10 mm), and the effect of the optical dispersion between 670 and 632.8 nm is negligibly small.
A data acquisition and amplifier system supplied a 1 kHz square-wave signal to the cell, establishing an electric field perpendicular to the applied magnetic field. The magnetic field was oriented along the nematic director, and held constant during experiments. Various fields ranging from 0 to 15 kOe were chosen. The EO measurements, performed on a separate system, used the same components except for the magnet. In both the EO and MEO static response experiments, the transmitted intensity of light was measured as a function of applied voltage (0 to ∼30 V). In the time-response experiments, the transmitted intensity was measured as a function of the time after the electric field was turned ON or OFF in the LC cell.
III. RESULTS AND DISCUSSION
Static and dynamic EO measurements were performed on the experimental and control samples at various thicknesses. The transmitted intensity of light is dependent on the electric field-induced optical phase shift δ [1]
where I max is the maximum intensity of light, and δ is dependent on the sample thickness h, wavelength of light λ, and sample birefringence n. The equations are similar for the MO experiments, except that in our polar Faraday-rotation system, the magnetic field-induced phase shift becomes 2δ due to the light entering the sample twice before detection. Equation (1) is used to determine, based on measured phase shift, the change in birefringence ( n) induced by the electric field.
We observed a change in the static EO response of the LC as a result of dispersing the magnetite nanorods into the LC matrix. Fig. 1 compares the static EO response of the pure LC (dashed curve) to the colloid (solid curve). The colloid requires less driving voltage to exhibit a complete EO response in comparison with the pure LC of the same thickness (22.1 μm). This shift is likewise seen in the ∼10, 14, and 20 μm cells. There is also a reduction in the Freedericksz transition voltage of the colloids, determined by analyzing the phase shift versus applied voltage. This transition may be explained briefly: the LC molecules do not begin to change orientation until the field reaches a threshold value U th , which is dependent on the elastic constant K ii and effective dielectric anisotropy of the LC The threshold value of the colloid was smaller by roughly 0.5 V. This value is approximated, since the nanorods introduced a washing up in the static response curve. The decrease in the transition voltage indicates that a coupling exists between the nanorods and LC mesogens, resulting in a collective response of the nanorod-LC system. Dynamic EO measurements were also completed for the colloid and control samples. The samples were measured for the time in which the LC molecules could, on average, enter a homeotropic alignment (the ON state) including a planar alignment (the OFF state) from their initial configurations. Both time OFF and time ON add to give the overall switching time t switch = t ON + t OFF of the LC, where
The switching time t switch is dependent on the colloid's effective dielectric anisotropy | |, rotational viscosity γ , vacuum permittivity 0 , sample thickness h, driving voltage U , and elastic constant K ii [1] . Fig. 2 shows the transmitted intensity of light as a function of the time needed for the LC molecules (or coupled nanorods/mesogens, in the case for the colloid) to enter the OFF [ Fig. 2(a) ] and ON [ Fig. 2(b) ] states. It is first noted that in Fig. 2(b) , the time ON of the colloid is faster than the time ON of the pure LC. This improvement in the time ON, in combination with the static EO results, supports the idea that a collective behavior of the nanorod-LC system contributes to an increase in the effective of the colloid. However, in Fig. 2(a) , the time OFF of the colloid is slower than the time OFF of the pure LC. Referencing (3), this suggests that although the effective dielectric anisotropy of the colloid saw an improvement, the viscoelastic properties were affected so as to increase the time OFF. The nanorods may decrease the order parameter and, subsequently, the elastic constant of the colloid. Future experiments are needed to understand this result.
The time ON of LCs in general is significantly faster than the time OFF, especially in the region where the driving voltage U is much larger than the threshold voltage U th . Therefore, the time OFF poses the greatest hindrance in reducing the overall switching time. One solution is to operate the samples under a crossed electric/magnetic field (MEO) setup [6] . Here, the applied magnetic field is oriented along the nematic director of the sample, and the electric field is applied perpendicular to the magnetic field orientation. Although the time ON increases slightly in this arrangement, the time OFF decreases more significantly to reduce the overall switching time.
The static and dynamic performances of the samples were tested in this MEO configuration. Fig. 3 compares the time response from the EO (0 Oe) measurements to the MEO (15.5 kOe) measurements for the 14.6 μm pure LC [ Fig. 3(a) ] and the 14.4 μm colloid [ Fig. 3(b) ]. Both figures show that the time OFF decreases substantially as a result of using the crossed-field arrangement. From Fig. 3(a) , the pure LC in the crossed-field arrangement saw a reduction in time OFF by a factor of ∼3.0 (up to δ ≈ 6π) when compared with its behavior in the EO setup. This indicates that the applied magnetic field assists in the reorientation of the LC molecules from a homeotropic to planar alignment. Here, the effective elastic constant K ii is increased, leading to the reduction in time OFF. In Fig. 3(b) , however, the 14.4 μm colloid saw a decrease in time OFF by a factor of ∼3.5 instead of three. From this, we assert that the inclusion of the nanorods into the LC matrix aids in the reorientation of the LC molecules. While the electric field is quickly turned OFF, the magnetic field applies a torque to the nanorods (in addition to the LC molecules). A coupling between the nanorods and the LC molecules allows this torque to accelerate the relaxation of the LC molecules into the planar alignment, thus reducing the time OFF. This effect is more pronounced in thicker cells (i.e., 22 μm), with time OFF reduction up to a factor of ∼6-7 (in reference to its time OFF at 0 kOe). The existence of this coupling is further supported by our static MO measurements (Fig. 4) , which revealed a noticeable decrease of the magnetic Freedericksz transition by ∼400 Oe in the colloid. This suggests an increase in the effective magnetic anisotropy of the colloid. Indeed, from (2), we can replace U th by the magnetic Freedericksz transition and by the permeability anisotropy χ to estimate that a factor of 1.3 increase in the effective permeability anisotropy of the colloid occurred due to the nanorods.
Despite the significant decrease in time OFF of the colloid in the MEO setup, it should be noted that the time OFF of the pure LC is shorter in duration. The 6.5 nm × 65 nm nanorods in this colloid are below the optimal dimensions for improving the switching time. Comparing with [4] , it is clear that there is an optimal range of nanorod dimensions and concentration that will maximize the performance of the colloid. The study provides results on two different stock dispersions of magnetite nanorods and two different concentrations. It concluded that a 1% w/w dispersion of 40 nm × ∼200 nm nanorods in the LC was the best for reducing the time OFF in both the EO and MEO configurations. In the MEO configuration, the colloid time OFF was reduced by a factor of nine versus a factor of six for its pure LC counterpart.
IV. CONCLUSION
This paper presents a solution to LC-integrated microwave applications demanding faster switching times. The time OFF may be significantly reduced by dispersing functionalized Fe 3 O 4 nanorods in the LC and by applying crossed magnetic and electric fields to control the device. The EO/MO performance of the device may be optimized by modifying the dimensions of the nanorods. This tailoring can be approached via solvothermal synthesis. This paper supports the above methodology for enhancing device performance and helps provide a lower limit in particle size, since the dimensions used (6.5 nm × 65 nm) were outside the optimal range. This encourages us to experiment with a variety of sizes in future work.
